European semi-dry grasslands are among the most species-rich vegetation types in the northern hemisphere and form an important part of the habitat mosaics in the forest-steppe zone. However, there is no comprehensive evaluation of the variation in their composition and the phytosociological classification of these grasslands. For the syntaxonomic revision, we used a dataset of 34,173 vegetation plot records (relevés) from central and eastern Europe, which were assigned to the class Festuco-Brometea using the diagnostic species listed in the EuroVegChecklist. To determine the diagnostic species of the orders, we used a TWINSPAN classification of the whole dataset. Of the total dataset, 15,449 relevés were assigned to the order Brachypodietalia pinnati, which corresponds to semi-dry grasslands. This subset was again classified using TWINSPAN. Formal definitions of the following alliances were established: Mesobromion erecti, CirsioBrachypodion pinnati (incl. Fragario-Trifolion montani, Agrostio-Avenulion schellianae, Scabioso ochroleucae-Poion angustifoliae and Adonido vernalis-Stipion tirsae), Scorzonerion villosae and Chrysopogono-Danthonion. Another alliance, Armerion elongatae (= Koelerio-Phleion phleoidis p.p.), is transitional towards the class Koelerio-Corynephoretea and its status needs further evaluation. We also established formal definitions of all of the associations of Mesobromion and Cirsio-Brachypodion within the area studied. Associations were identified using (i) a TWINSPAN classification of the whole order, (ii) TWINSPAN classifications of regionally restricted data sets (usually all Brachypodietalia plots in one country) and (iii) existing national classification schemes. All formal definitions were written in the expert system language of the JUICE program. To obtain a more complete picture of the floristic similarities and gradients, we performed a DCA ordination of the associations. Our results revealed that meadow steppes in the forest-steppe zone in eastern Europe are very similar to semi-dry grasslands in central Europe.
Introduction
Semi-dry grasslands in Europe are among the most species-rich communities in the world (Wilson et al. 2012 , Roleček et al. 2014 . However, the area of these grasslands has strongly declined during the last century, and the remaining sites are endangered due to changes in management practices and atmospheric nitrogen deposition (Veen et al. 2009 , Janssen et al. 2016 , Hülber et al. 2017 . In central Europe, semi-dry grasslands are usually considered as man-made habitats, which were created by grazing or mowing after clearing of the original forest (Poschlod & WallisDeVries 2002) . The meadow steppes in eastern Europe, by contrast, were thought to be naturally treeless ecosystems (Walter 1974) . However, recent studies show that both assumptions are too simplistic and do not reflect the complex history and ecology of European semi-dry grasslands. On the one hand, there is increasing evidence that at least some central European grasslands developed directly from the hemiboreal forest-steppe of the early Holocene (Magyari et al. 2010 , Kuneš et al. 2015 , Pokorný et al. 2015 . On the other hand, long-term observations in strictly protected steppe reserves in the forest-steppe zone in eastern Europe demonstrate that most meadow steppes are dependent on natural or human disturbances such as fire, grazing or mowing (Filatova et al. 2014) .
The term "meadow steppe" has been used with varying meanings in the literature. Here we define meadow steppes as semi-dry grasslands with a large proportion of steppe species with a Siberian-Pontic-Pannonian distribution. In this sense, the semi-dry grasslands in eastern and east-central Europe are meadow steppes, while those in western and west-central Europe are not.
The phytosociological classification of the European dry and semi-dry grasslands (class Festuco-Brometea) was originally developed with the main focus on the driest types, which are profoundly different in the western and eastern part of Europe (Braun-Blanquet 1936 , Klika 1939 . The semi-dry grasslands were only considered as mesic subtypes of these biogeographical units, which initially were distinguished at the level of alliances (Bromion erecti versus Festucion valesiacae), and later at the level of orders (Brometalia erecti versus Festucetalia valesiacae) (Braun-Blanquet & Tüxen 1943 , Klika & Hadač 1944 . The semi-dry grasslands in west-central Europe were included in the alliance Mesobromion, and the meadow steppes in east-central Europe in Cirsio-Brachypodion, although the exact delimitation of these two units remained unclear (Illyés et al. 2007 ). Krausch (1961) was probably the first author who raised doubts about this syntaxonomic concept. He proposed to unite Mesobromion and Cirsio-Brachypodion within a separate order of semi-dry grasslands, pointing to the fact that most of the character species listed for Brometalia erecti in the original sense are absent in Mesobromion, while the latter has many species in common with CirsioBrachypodion. He also suggests that Cirsio-Brachypodion should be extended to eastern Europe because of the close floristic relationship between the meadow steppes in eastern and central Europe.
The idea of a common order of semi-dry grasslands was adopted by Korneck (1974) , who introduced the name Brachypodietalia pinnati for this unit, but the concept of geographical orders remained dominant for the next two decades (Royer 1991 , Dierschke 1997 . Further alliances of semi-dry grasslands were described from the Balkan Peninsula, in particular Scorzonerion villosae and Chrysopogono-Danthonion alpinae (Horvat et al. 1974 ). In the most recent overview of European high-rank syntaxa (Mucina et al. 2016) , the order Brachypodietalia pinnati was accepted, but Scorzonerion villosae was not included in this order, and the syntaxonomic position of the eastern European meadow steppes is unclear (see also Kuzemko et al. 2014 , Willner et al. 2017b ). According to the International Code of Phytosociological Nomenclature (Weber et al. 2000) , the name Brometalia erecti has priority over Brachypodietalia pinnati and Bromion erecti has priority over Mesobromion. However, both younger synonyms have been proposed as nomina conservanda , Theurillat et al. 2017 . Considering these proposals as well justified, and for the convenience of the reader, we use these nomina conservanda proposita throughout the paper, although there are no formal decisions on these proposals.
In this study, we present a syntaxonomic revision of the semi-dry grasslands in central and eastern Europe. Specifically, we aim to (i) identify the main compositional gradients using numerical classification and ordination methods, and (ii) establish formal definitions of the orders, alliances and associations, which enable unambiguous assignment of new plot records to the accepted vegetation units.
Materials and methods

Area studied
The area studied comprises central and eastern Europe as well as the northern half of south-eastern Europe (Fig. 1) . Thus, it stretches from the Rhine river in the west to the Urals mountains in the east, and from the central Balkans in the south to the Baltic Sea in the north. We included data from the following countries (from west to east): Germany, Austria, Czech Republic, Poland, Slovakia, Hungary, Slovenia, Croatia, Serbia, Romania, Bulgaria, Ukraine and Russia.
Data set
Most data were obtained from large vegetation-plot databases (e.g. Chytrý & Rafajová 2003 , Aćić et al. 2012 , Dengler & Ru -siņa 2012 , Jandt & Bruelheide 2012 , Jansen et al. 2012 , Kuzemko 2012 , Vassilev et al. 2018 , accessed via the European Vegetation Archive (EVA; . A smaller amount of data was directly provided by co-authors or computerized from literature (see Electronic Appendix 1 for a complete list of the sources). We selected all relevés in which (i) the diagnostic species of the class Festuco-Brometea according to Mucina et al. (2016) had a higher total percentage cover than the diagnostic species of any other class and, at the same time, (ii) the total cover of Festuco-Brometea species was at least 10% and (iii) at least four Festuco-Brometea species were present. The total percentage cover was calculated according to Fischer (2015) . Using the sum of square-rooted percentage cover instead of total cover resulted in very similar results. However, the total percentage cover was mostly in better accordance with the original classification of the relevés, and therefore we used it in this and in all the following steps.
The taxonomy and nomenclature of vascular plants were checked and harmonized following the Euro+Med PlantBase (www.emplantbase.org; accessed February 2018). Lichens and bryophytes were not considered in our analysis as they were only recorded in a subset of the relevés. Species with inconsistent or frequently doubtful determination were merged into aggregates (Electronic Appendix 2). Taxa determined only at the genus level were excluded except when there was no other taxon of the same genus in the dataset. Relevés in which the taxa determined only at the genus level had a total cover > 6% were removed from the dataset. We also excluded relevés with a total cover of trees and shrubs > 25% and relevés with a plot size < 9 m 2 or > 100 m 2 . However, relevés without plot size information were not excluded as they were too many and we expected that the vast majority of them fell within the allowed range (like 88% of the plots with plot size information). This resulted in a dataset of 34,173 plot records.
Classification step 1: phytosociological orders
For classifying the relevés into phytosociological orders, we mainly relied on the diagnostic species identified by Willner et al. (2017b) . However, as our new dataset covered a considerably larger geographical area than the previous study, we also did a TWINSPAN classification of the whole dataset (see Electronic Appendix 3 for details). Most of the previously established diagnostic species for the orders Brachypodietalia pinnati, Festucetalia valesiacae and Stipo-Festucetalia pallentis were reproduced, while some species not considered as diagnostic in the previous paper, mostly because they had a very low constancy in the old dataset, were added to the diagnostic species lists (Electronic Appendix 3). Based on these revised lists of diagnostic species, we assigned all relevés to one of the above three orders using the same approach as for the classes (i.e. each relevé was assigned to the order with the highest cover score). 16,198 relevés were assigned to our target order Brachypodietalia pinnati. However, during the following steps, we realized that some of them were clearly misclassified and did not belong to the target order (mostly not even to the class Festuco-Brometea). Therefore, only 15,449 relevés were used in the final analysis.
Classification step 2: alliances
We classified the Brachypodietalia dataset with TWINSPAN using WinTWINS 2.3 (Hill & Šmilauer 2005) . Cut levels of pseudospecies were set to 0, 5 and 25% cover, respectively. Species with less than five occurences were excluded. The maximum number of division levels was six and the minimum group size for division was two. To test for the influence of different sampling densities in different parts of the area studied, we also classified a dataset where only a random selection from the two countries with the highest number of plots (Germany and the Czech Republic) was included. Since the overall patterns in the two classifications were very similar (data not shown) we used the one with all plots included. Based on the interpretation of this unsupervised classification, we established formal definitions for the alliances based on diagnostic species (see below for the general structure of these definitions) and reassigned all relevés using the expert system functions in the JUICE program (see Appendix S2 in Landucci et al. 2015) .
Classification step 3: associations
We classified the relevés of two alliances (Mesobromion, Cirsio-Brachypodion) to the association level. The other alliances were not further analysed as their occurrence was marginal with respect to the area studied or their syntaxonomic position was transitional towards another class. We followed the association concept of Willner (2006) , who defined the association as "the smallest syntaxonomic unit having an unambiguously defined floristic as well as ecological or biogeographical content". While the first part of the definition (the defined floristic content) can be satisfied by establishing formal definitions, the second part is more hypothetical -it means that one should be able, at least in theory, to predict an association from environmental data, site history and geographical location. Therefore, associations could be seen as falsifiable and mutually exclusive hypotheses based on a correlation between species composition (as a response variable) and external factors (as predictors). However, since we did not have measurements of the environmental conditions, we mainly relied on expert judgement, while testing the accepted associations for ecological differences (e.g. soil parameters, management regime) remain to be studied in the future.
The delimitation of the associations was done in a multistage supervised process. First, we grouped all relevés of a given alliance by countries. Then we classified the relevés of each alliance and country into preliminary associations, taking into account (i) the TWINSPAN classification of the Brachypodietalia dataset, (ii) additional TWINSPAN classifications of geographically restricted datasets (usually all relevés from one country), and (iii) national vegetation surveys and other phytosociological literature. In this way, we tried to identify units that were reproducible by unsupervised numerical classification methods both in a regional and supra-regional context and that, as much as possible, corresponded to units already recognized in previous studies. The resulting "operational units" were rearranged in such a way that units corresponding to the same or closely related associations were adjacent to each other. This table was used as a template for creating formal definitions. Finally, the expert system was used to reassign all relevés of the two target alliances to the defined associations.
Formal definitions of alliances and associations
In comparison with the class and order level, the formal definitions of the alliances and associations are more complex and reflect the often reticulate floristic relationships between syntaxa of lower ranks. Thus, instead of using a single diagnostic species list for each unit, the definitions are based on a larger set of species groups, which are not mutually exclusive (i.e. one species can be a member of more than one group). Three principal kinds of membership conditions are used: (i) presence or absence of a species group, (ii) presence or absence of a single species (equivalent to a species group with only one member) and (iii) comparison of the total cover of two species groups. A species group is considered as present when at least one of its members occurs. In some cases, threshold cover values are used, which means that a species or a species group is only considered as diagnostic if its total cover exceeds a certain value.
Potential diagnostic species were determined using the phi coefficient of association (Chytrý et al. 2002 , Tichý & Chytrý 2006 , constancy ratio (Dengler 2003) and cover ratio (Willner et al. 2009 ). The criteria for diagnostic species were basically the same as in Willner et al. (2017b) . However, after some trials it became clear that, in particular for geographically vicariant units, not all species formally meeting the criteria for diagnostic species could be used in the expert system, because they created a lot of misclassified relevés. Moreover, in some cases the inclusion of species with lower fidelity considerably improved the performance. Thus, the main selection criterion for diagnostic species was their suitability for sharply discriminating the vegetation units along the chosen gradient, i.e. the ecological or geographical gradient that should be reflected in the classification.
Stratification and ordination
The result of reassigning all relevés to associations is presented in a constancy table.
Since the constancy values might be biased due to varying sampling densities in different regions, we did a stratified random resampling within each association. A maximum of five relevés from each grid cell (12' latitude × 20' longitude) were selected. Relevés without coordinates (< 5% in 34 of 44 associations, > 20% in only five associations containing altogether only 137 relevés) were considered as one stratum. Alliances not classified into associations were stratified as a single association.
To get a more complete picture of the floristic similarities and gradients among the accepted associations, we also performed a DCA ordination using the percentage constancy values of species instead of abundances. Finally, we arranged the associations within each alliance into informal association groups to facilitate the interpretation of the results, but these groups were not fully formalized.
Environmental evaluation
The position of each association along environmental gradients such as soil pH and temperature was evaluated using Borhidi indicator values (Borhidi 1995) . For each relevé of the stratified data set, we calculated the unweighted mean of species indicator values, which gives a rough approximation of the local site conditions. Of the total number of taxa 1,069 taxa (= 47%) did not have indicator values and therefore were not included in the calculation. However, apart from aggregates, only 21 of them had more than 100 occurrences in the data set (e.g. Bromopsis riparia, Cirsium acaulon, Gentianella germanica and Thymus longicaulis).
Results
Unsupervised classification
The TWINSPAN classification of the Brachypodietalia dataset revealed a predominant biogeographical pattern. The following main groups were detected (cluster numbers according to the 6th level of division, see Electronic Appendix 4): semi-dry grasslands in north-western central Europe (1-8), transitions to rocky grasslands and mesic Sesleria caerulea grasslands in north-western central Europe (9-16), semi-dry grasslands in the German Jura Mountains, eastern Alps and NW Dinaric Mountains, with outliers in the Western Carpathians and Serbia (17-32), grasslands on sandy and siliceous soils, mostly in the northern part of central Europe (33-36), Pannonian meadow steppes on relatively mesic soils (37-38), Pannonian meadow steppes on dry soils, including most meadow steppes in Ukraine and some grasslands in NW Bulgaria (39-40), meadow steppes in European Russia (41-48) and semi-dry grasslands in SE Europe, mostly on acidic soils (49-64).
Alliances
We defined the following four geographically distinct alliances within the order Brachypodietalia pinnati: Mesobromion erecti (west-central Europe), Cirsio-Brachypodion pinnati (east-central and eastern Europe), Scorzonerion villosae (Adriatic region) and Chrysopogono-Danthonion alpinae (Balkan Peninsula) (Table 1, Fig. 2) . Mesobromion, Cirsio-Brachypodion and Chrysopogono-Danthonion were strongly supported by the TWINSPAN classification (corresponding to clusters 1-16, 35-48 and 49-64, respectively). Scorzonerion villosae, in contrast, did not form a coherent group in the TWINSPAN table but it occurred interspersed within Cirsio-Brachypodion and Chrysopogono-Danthonion (mainly in clusters 37, 38, 52 and 56). However, as this pattern could be due to the relatively small number of relevés for this unit, we preliminarily accepted it as a separate alliance. For the reasons discussed below, we included the meadow steppes in European Russia (clusters 41-48) in Cirsio-Brachypodion, and split the peri-Alpine grasslands in clusters 17-32 between Mesobromion and Cirsio-Brachypodion. As a fifth alliance, we defined Armerion elongatae (= Koelerio-Phleion phleoidis p.p.), which mainly corresponds to clusters 33-34. Its geographical range overlaps those of Mesobromion and Cirsio-Brachypodion. However, including it in one of these alliances proved unsatisfactory as their diagnostic species are mostly absent. 
Associations
We defined seven associations within Mesobromion and 37 within Cirsio-Brachypodion. Seven relevés of Mesobromion (= 0.1%) and 741 relevés of Cirsio-Brachypodion (= 11%) remained unclassified. To provide a better picture of the internal floristic and biogeographical structure of the alliances, we arranged the associations into informal association groups (Table 1) . For a full synoptic table showing all the associations see Electronic Appendix 6; for more detailed descriptions and distribution maps of all the associations see Electronic Appendix 7. The expert systems are given in Electronic Appendices 8 and 9. A crosstab comparing our final classification with the 64 TWINSPAN clusters is given in Electronic Appendix 10.
Mean indicator values showed pronounced differences among the associations but also large overlaps (Electronic Appendix 11).
It should be noted that the area studied covered only a small part of the distribution of Mesobromion. Therefore, additional associations are expected outside the area studied. We defined the following associations within Mesobromion (letters are the same as in the ordination diagram; Fig. 3 Association group C10: southern meadow steppes in eastern Europe (36) Serratulo radiatae-Stipetum pennatae (meadow steppes at the southern margin of the forest-steppe zone in S Ukraine). (37) Trifolio alpestris-Stipetum tirsae (meadow steppes at the southern margin of the forest-steppe zone in SW Russia).
Ordination
The DCA diagram mainly reflects the geographical locations of the associations (Fig. 3) . The first axis corresponds to longitude and the second axis to latitude. The informal association groups are well separated in the diagram, with no overlaps between them. Interesting exceptions from the prevailing biogeographical pattern are the eccentric positions of Astragalo onobrychidis-Brometum and Genisto-Stipetum tirsae (both in the upper part of the diagram), which might at least partly be explained by the small number of relevés for both units, and the relatively central position of Solidagini-Helictotrichetum despite its marginal position in the area studied. The dry and mesic meadow steppes in the Pannonian region are separated from each other, with the second shifted to the left, which reflects its closer floristic relationship to Mesobromion. Stipo tirsae-Bromopsietum ripariae in the Kursk region and Poo angustifoliae-Stipetum pennatae in the Southern Urals are extremely close to each other, despite being separated by more than 1000 km.
Discussion
Alliance concepts
One of the most persistent problems in the syntaxonomy of European semi-dry grasslands is the delimitation between western Mesobromion and eastern Cirsio-Brachypodion (Illyés et al. 2007 ). Their diagnostic species groups overlap and several units have a transitional position between the two alliances, in particular the mesic meadow steppes in central Europe and peri-Alpine semi-dry grasslands in east-central Europe (association groups C2 and C3, Table 1 ), but also Cirsio pannonici-Seslerietum, which is the nomenclatural type of Cirsio-Brachypodion (Fig. 3) . The best diagnostic taxa are Festuca ovina agg. (mostly F. guestfalica) for Mesobromion and Festuca valesiaca agg. (mostly F. stricta subsp. sulcata) for Cirsio-Brachypodion. Both Festuca taxa have a very high constancy and are almost completely mutually exclusive (Table 1) . Therefore, the most natural and also the most practical delimitation between the two alliances is along the distribution border of these two grass taxa. A consequence of this alliance concept is that the number of positive diagnostic species that can be used in the formal definition of Mesobromion in that part of its range in the area studied is very small. Apart from Festuca guestfalica, it is mainly differentiated by the absence of diagnostic species of other alliances. The delimitation of Cirsio-Brachypodion in the east is perhaps even more controversial than its delimitation in the west. So far, most authors have classified the meadow steppes in the eastern European forest-steppe zone in the alliance Festucion valesiacae (e.g. Poluyanov & Averinova 2012 , Yamalov et al. 2012 , Demina 2015 . However, this classification cannot be maintained as the meadow steppes belong to the order Brachypodietalia pinnati, while Festucion valesiacae belongs to Festucetalia valesiacae (European grass steppes) (see also Willner et al. 2017b ). Based on a type relevé from the Streletsky Steppe near Kursk, which belongs to Stipo tirsae-Bromopsietum ripariae in our classification, Royer (1991) described the alliance Agrostio vinealis-Avenulion schellianae for the eastern European meadow steppes. Independently, Korotchenko & Didukh (1997) described the alliance Fragario viridis-Trifolion montani, based on the Salvio pratensis-Poetum angustifoliae, the locus classicus of which is located in north-eastern Ukraine, less than 200 km from the Streletsky Steppe. Kuzemko et al. (2014) regard these two alliances as synonyms. Here, we follow the concept of Krausch (1961) who includes all eastern European meadow steppes in Cirsio-Brachypodion. The arguments in favour of this solution are as follows:
(i) The broadly defined Cirsio-Brachypodion has at least 14 character species (i.e. unique diagnostic species), of which 10 occur both in central and eastern Europe (Table 1) , although most of them become more frequent towards the east. Only one of them (Cirsium pannonicum) is more frequent in central Europe. One character species (Bromopsis riparia) is common to eastern and south-eastern Europe, while two (Dracocephalum ruyschiana, Pedicularis kaufmannii) are restricted to eastern and one (Polygala major) to central Europe. If the alliance is split, Cirsio-Brachypodion sensu stricto would only have one or two character species and thus becomes a poorly characterized transition between continental meadow steppes and subatlantic Mesobromion grasslands.
(ii) The semi-dry grasslands in the forest zone in eastern Europe, also known as "steppe meadows", are described as a separate alliance Scabioso ochroleucae-Poion angustifoliae within the order Galietalia veri, class Molinio-Arrhenatheretea (Bulokhov 2001 ). However, our results clearly demonstrate that these grasslands belong to Brachypodietalia pinnati, as already proposed by Willner et al. (2017b) . The content of this alliance corresponds to our association 28 (Artemisio campestris-Poetum angustifoliae), which, together with the type of Fragario viridis-Trifolion montani (association 27), forms the association group C7 (Table 1, Fig. 3 ). This group can hardly be assigned to either Agrostio-Avenulion schellianae or Cirsio-Brachypodion sensu stricto. It represents a central unit that is only defined by the absence of many diagnostic species. Thus, accepting the first two alliances would require the acceptance of FragarioTrifolion montani (incl. Scabioso-Poion) as a third alliance. Moreover, for consistency, Stipa tirsa grasslands in Crimea (association group C6) would have to be accepted as the alliance Adonido-Stipion tirsae, and the grasslands in the Balkans (association groups C4 and C5) and perhaps also those in the Eastern Alps and NW Dinaric Mountains (association group C3) would also have to be raised to alliance level. This would lead to a large number of alliances with few or no character species.
A compromise between the varying alliance concepts could be to distinguish several suballiances within the broadly circumscribed Cirsio-Brachypodion. However, due to the still incomplete data coverage in eastern Europe, we regard a formal classification into suballiances as premature and prefer the informal association groups for describing the internal floristic structure of this alliance.
Another alliance that is separated from the Cirsio-Brachypodion by Royer (1991) is Danthonio-Stipion stenophyllae, described from Transylvania (Soó 1949) . According to our formal definitions, the original content of this unit partly belongs to Chrysopogono-Danthonion, and partly to Cirsio-Brachypodion. With regard to the part assigned to Cirsio-Brachypodion, we could not even separate it at the level of associations from the communities in the western Pannonian region (i.e. Stipetum tirsae and BrachypodioMolinietum). However, the type association of Danthonio-Stipion, Agrostio-Danthonietum (see , was assigned to Chrysopogono-Danthonion.
Scorzonerion villosae shares some diagnostic species with Chrysopogono-Danthonion, such as the grasses Danthonia alpina and Chrysopogon gryllus. On the other hand, it has several diagnostic species in common with Mesobromion and Cirsio-Brachypodion, like Bromopsis erecta and Carex flacca, and in particular with the peri-Alpine association groups within these two alliances (Table 1) . Hypochoeridenion maculatae, which is described as a suballiance of Scorzonerion villosae (Terzi 2015) , closely resembles our association group C3. As the location of the type of Hypochoeridenion maculatae is in north-eastern Italy, which is outside the area studied, we cannot provide a definite evaluation of this unit. However, it seems that the biogeographical pattern of the semi-dry grasslands in the Eastern Alps and Dinaric Mountains is similar to that of the Illyric beech forests (Willner et al. 2017a) . The historical significance of this pattern should be further studied, e.g. by using phylogeographic methods.
Armerion elongatae represents semi-dry grasslands on sandy and siliceous soils, which are transitional between the classes Festuco-Brometea and Koelerio-Corynephoretea. It seems that the delimitation of these two classes is in need of revision and that the diagnostic species of these classes provided in Mucina et al. (2016) , which were the basis for the selection of our data set, should also be revised. This alliance partly corresponds to Koelerio-Phleion (see e.g. Oberdorfer & Korneck 1978 , Dúbravková et al. 2010 .
Geographically vicariant associations and the limits of formal definitions
Species turn-over along geographical gradients, as found in our study, may be related to macroclimatic factors, but also, and in some cases even more so, to historical factors such as post-glacial migration and refugial history (Dullinger et al. 2012 , Jiménez-Alfaro et al. 2018 . Therefore, consistent differences in the species composition of communities in two regions, growing under otherwise similar habitat conditions, can be interpreted as a reflection of a different floristic history. Geographically vicariant associations are the syntaxonomic representation of such biogeographical hypotheses.
Our association group C1 (dry meadow steppes in central Europe) includes a typical example of geographically vicariant associations: Adonido-Brachypodietum (northeastern Germany, western and central Poland), Scabioso ochroleucae-Brachypodietum (central and southern Germany, Bohemia), Inuletum ensifoliae (southern Poland) and Polygalo majoris-Brachypodietum (Pannonian Basin, Transylvania). These units reflect the decline in steppe species from the Pannonian region towards the north and northwest. In addition to climatic differences, which undoubtedly exist between the regions, historical processes might be responsible for the observed floristic gradients, such as (i) delayed immigration of thermophilous species from glacial refugia in south-eastern Europe (Magyari et al. 2010) , or (ii) regional extinction of steppe species during the "mid-Holocene bottleneck" due to the spread of deciduous forests in some parts of central Europe, but survival of steppe in other parts (Pokorný et al. 2015) . Which of these factors plays the main role is not clear, but recent studies on the phylogeography of steppe species indicate that the second process is probably more important than previously thought (Kajtoch et al. 2016 , Plenk et al. 2017 .
To a large extent we were able to reproduce the traditional delimitation of the aforementioned associations using our expert system (Fig. 4) . Nevertheless, a considerable number of plots were assigned to a "wrong" association in terms of geographical location. For instance, there are relevés within the distribution range of Polygalo majoris-Brachypodietum that lack the diagnostic species of this association and were therefore assigned to Inuletum ensifoliae or Scabioso ochroleucae-Brachypodietum. However, we suspect that in many cases the "missing" diagnostic species will be present somewhere near the sample plots, perhaps even within the same patch of grassland. Another possibility is that, in addition to biogeographical history, other local gradients in site conditions or landscape history may result in the occurrence of dry meadow steppes resembling Scabioso ochroleucaeBrachypodietum outside its main distribution range. In Hungary, two such units are reported by Lengyel et al. (2016) : Sanguisorbo minoris-Brometum and "Linum tenuifolium-Brachypodium pinnatum-type". While we were not able to reproduce them as separate associations, most of their content was assigned to Scabioso ochroleucae-Brachypodietum by our expert system. Further studies might be necessary to clarify the syntaxonomic affiliation of dry meadow steppes in the Pannonian Basin that lack the characteristic species of Polygalo majoris-Brachypodietum.
Regardless of such "hidden" differences in external factors, a certain amount of misclassified relevés is probably unavoidable unless geographically vicariant associations are merged into rather broad and heterogeneous units with very large distribution ranges. In addition, the definition of ecologically vicariant units could hardly be sharperthe mismatch between species composition and external factors is just more obvious along geographical gradients. Willner (2006) regards 10% misclassified plots as acceptable, and our classification scheme seems to be within this limit. However, under the premise that sympatric associations should be clearly different in terms of habitat conditions, formalistic assignment of plots using supra-regional expert systems is unlikely to ever give fully satisfying results.
An additional problem in defining geographical units (both associations and higher syntaxa) is that species of a particular fidelity are not automatically suitable as diagnostic species. Different proportions of ecological subunits in two regions may bias the constancy of species. For example, several species indicating acidic soils of high fidelity for Chrysopogono-Danthonion are widely distributed all over central Europe (e.g. Hypochaeris radicata, Trifolium ochroleucon, Viola tricolor). Using these species in the formal definition of the alliances resulted in plots from Germany being assigned to the Balkan alliance, which obviously is not appropriate if the classification is supposed to reflect a biogeographical gradient. Problems also occur if ecologically defined units have different abundances in different regions, leading to biased constancy values of species with geographically restricted ranges. These effects can be mitigated by careful stratification of the dataset (Lengyel et al. 2011 ), but probably not completely avoided. Therefore, an additional criterion for diagnostic species might be necessary: A species should only be considered as diagnostic for a vegetation unit if it is indicative of the external (ecological or biogeographical) factors that are to be reflected in the classification. A simple test for the suitability of a diagnostic species to discriminate two vegetation units is to compare the environmental amplitude or the geographical range of the species with the amplitude or range of the vegetation units. If a unit is restricted to south-eastern Europe, but the species has a much larger range, then the latter is unsuitable as differential species for this vegetation unit. 
Similarity of semi-dry grasslands in central and eastern Europe
One of the important results of our study is that it reveals that semi-dry grasslands in central Europe are quite similar to meadow steppes in eastern Europe. This finding is interesting both from biogeographical and methodological points of view. We believe that for the understanding of the distribution and reconstruction of the history of the European semi-dry grasslands, it is highly relevant that the species pool of these grasslands is largely shared across vast territories in Eurasia, in a broad belt along the 50th parallel. For example, 29 of the 30 species with the highest frequency in the association Poo angustifoliae-Stipetum pennatae in the Southern Urals region (i.e. on the eastern margin of the area studied) are very common in central European semi-dry grasslands (e.g. Fragaria viridis, Plantago media, Galium verum, Filipendula vulgaris, Trifolium montanum, Galium boreale) (see Electronic Appendix 6, association C35), while one species (Phlomis tuberosa) is present but rare in central Europe. Many of these species also occur in forest fringes (Trifolio-Geranietea sanguinei) and in open-canopy forests (Quercetea pubescentis, Brachypodio pinnati-Betuletea pendulae) in both regions and may be considered a part of an ancient species pool of hemiboreal and forest-steppe communities. As hypothesized earlier (e.g. Nimis et al. 1994 , Korotchenko & Kagalo 2012 , Roleček et al. 2014 , this large species pool may be inherited from the lightdemanding and semi-shade communities of the late Pleistocene and early Holocene, when they were widespread across Eurasia. We assume that their survival was possible particularly in the lowland regions where open or semi-open habitats were available throughout the Holocene, despite the expansion of closed canopy forests. According to recent views, central Europe, with its diverse topography, regional climates and variable histories of human settlement, provided such refuges (Magyari et al. 2010 , Hájková et al. 2011 , Pokorný et al. 2015 , Feurdean et al. 2018 . Apart from colder winters, the forest-steppe zone in eastern Europe has a climate essentially similar to the drier regions in central Europe (Feddema 2005) . Thus, the broad distribution of Cirsio-Brachypodion grasslands may be interpreted as a result of the former broad distribution of ancestral forest-steppe communities and relict survival of their characteristic species in a number of places between central Europe and the Southern Urals.
Methodological considerations
In numerical vegetation classification a frequent experience is that extending the geographical coverage of a study results in similarity-based multivariate methods giving less satisfactory results at low hierarchical levels. Among association-level analyses the geographical range of our study is extremely broad. However, the large sample size seriously constrained our choice of statistical methods. We have opted for an expert-based classification, which was elaborated by informally confronting several numerical classifications performed on the total study area and its subregions (usually countries), as well as with literature data. For all numerical classifications we used the TWINSPAN method using the WinTWINS 2.3 programme, which can handle such a large data table and usually provides robust and well-interpretable clusters at the higher hierarchical levels, which correspond to one or a few main gradients of compositional variation. With the cross-checks of classifications based on different data subsets, we also aimed at reducing the well-known drawbacks of TWINSPAN, that is, the rigidly dichotomous topology of the dendrogram (Roleček et al. 2009) , and the low performance of classifications with a high number of clusters (Lötter et al. 2013) . Moreover, the association concept applied in the present paper is based on the idea that vegetation units should reflect a correlation between species composition and external factors (Willner 2006) . Thus, our main aim was the identification of units that presumably differ in site conditions and/or geographical distribution, and of establishing unambiguous floristic definitions for them, while the choice of the multivariate classification method was less important.
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Conclusions
We present the first large-scale revision of European semi-dry grasslands of the order Brachypodietalia pinnati using formal definitions of vegetation units. All the described grassland types are of great conservation value, and a consistent and harmonised classification based on unambiguously defined units will help develop inventories and maps for their effective protection at the European scale. Formal definitions of vegetation units are also essential if we want to use the phytosociological system to formulate ecological and biogeographical hypotheses. In this way, syntaxonomy is helping to enhance our understanding of European grassland vegetation.
stávajících národních vegetačních přehledů. Pro všechny formální definice byl použit formát expertního systému v programu JUICE. Vztahy mezi rozlišenými asociacemi a hlavní gradienty v jejich druhovém složení byly zobrazeny pomocí detrendované korespondenční analýzy. Naše výsledky ukazují, že luční stepi lesostepní zóny východní Evropy jsou velmi podobné širokolistým suchým trávníkům východní části střední Evropy, což zřejmě odráží jejich společný původ v glaciálních a staroholocenních lesostepních společenstvech.
